A statistical approach was employed to assess microbial community variability within a single 4-l water sample and among 10 independent 4-l water samples from a single location using community-level physiological profiles. Power calculations demonstrated that duplicate analyses could distinguish between two different locations at two times during the year. Variability associated with replicates from a single container or from different containers was nearly the same for the two sites examined. Duplicate assays (one from each of two independent samples) were sufficient to resolve the between-site differences at K = 0.05 with power exceeding 0.95 at both times of the year. Similar methods are recommended to determine the appropriate number of replicates for environments of interest. ß
Introduction
Two types of variability are inherent in any environmental measurement. Test reproducibility is the variation associated with the analytical tool being used, i.e. the variance associated with repeated measurements on the same sample or on a series of identical samples. Environmental variation is related to the inhomogeneous distribution of the element of interest being measured. Any measure of community structure, including measures of similarity between two community samples, can vary either because of variability of the measurement tool, or because of nonuniform distribution of the community members within or among samples that are collected. If test variability approaches the level of environmental variability, the test will be insensitive to the environmental variability, and will therefore be useless for discriminating among communities.
A number of procedures for comparing components of microbial community structure have been pro¡ered recently, including a number of molecular methods along with several physiological approaches. All such methods have the potential to contain both of the aforementioned types of variability. Here, we examine one of those methods, the community-level physiological pro¢le (CLPP) approach [1] , to determine both test reproducibility and the concomitant sensitivity to environmental variation. This is an approach that has been used for community comparisons in a variety of environments, and while a few reports dismiss the approach because it is culturally based (e.g. [2] ), many comparisons have shown that it compares favorably with genetic and biochemical approaches in its ability to discriminate among communities (e.g. [3^8]).
CLPP measures of community similarity are based on response patterns obtained when environmental samples are inoculated into each of the 96 wells of a BIOLOG 0 plate. Each well contains a single organic compound to serve as a sole carbon, energy, and electron source for any organisms that can utilize the compound under the incubation conditions imposed. The response is measured as the reduction of colorless tetrazolium violet to the highly colored formazan. Thus, the extent of carbon utilization in each well is re£ected in the intensity of the color development. Upon incubation, the pattern produced by color development in each of the wells forms a ¢ngerprint for that community. The ¢ngerprints represent the phys-iological potential of the community with respect to the substrates employed, and communities from similar or disparate environments are di¡erentiated by some form of pattern analysis, often, principal components analysis (PCA) [1,9^15] . In the plates most commonly used, each substrate occurs only once in each plate, so that replication must be done by inoculating replicate plates.
Glimm et al. [15] expressed concerns about replicate variability and the ability of CLPP to detect true di¡er-ences among communities. These authors worried that separate samples drawn from the same community could produce di¡erent response patterns on di¡erent plates, necessitating multiple replicates of each community to ensure that di¡erence among samples is real. Although Hitzel et al. [14] recommended that all substrates used in this approach are run in at least triplicate for each sample collected to reduce or at least characterize the analytical variation, Mills and Bouma [13] suggested that analytical variation is small. In a series of tests involving ¢ve replicate plates per sample, overall analytical variability was below 5%; that is, fewer than 5% of the total tests were not in complete agreement across all replicates. Those experiments were conducted in a series of carefully controlled bioreactors operated as continuously stirred tank reactors with little £uctuation in operating conditions over relatively long periods. Furthermore, the communities in the reactors comprised only four or ¢ve di¡erent isolates growing together as gnotobiotic assemblages. It is not clear if the results of that study can be extrapolated to making determinations of community similarity in natural habitats containing diverse communities existing in a heterogeneous environment.
The present study was conducted to determine the reproducibility of the CLPP assay in two adjacent tidal creeks to compare analytical reproducibility with environmental variability. Environmental variability consisted of di¡erences due to both spatial separation of the two creeks and temporal changes that occurred in the two creeks between summer and fall. Additionally, we sought to examine the sensitivity of the CLPP procedure as applied to these creeks to help de¢ne a strategy for determining adequate sampling allocation within each creek.
Materials and methods
The CLPP approach using BIOLOG 0 technology was used to assess microbial community similarity in two wellmixed tidal marsh creeks on the Eastern Shore of Virginia. Phillips Creek, a tidal creek of the coastal lagoon complex on the seaside of the Delmarva Peninsula, and Hungars Creek, on the Chesapeake Bay side, are separated by only 7 km of land, yet the bacterial biomass, abundance and productivity are di¡erent [16] , and the communities di¡er genetically [17, 18] . Samples were collected from each creek on two di¡erent dates (October 7, 1996 and May 22, 1997) to examine di¡erences in the CLPP. At each site and time, closely spaced, multiple independent samples were collected and analyzed to determine both test reproducibility and spatial variability. Ten 4-l samples of surface water were collected in clean containers from the middle of each creek during a mid-day low tide. One BIOLOG 0 GN plate was inoculated from each of nine of the containers and 10 plates were inoculated from the 10th container. This process produced a measure of within-site (i.e. between-container) and within-container variability. The latter represents a combination of analytical variability (test reproducibility) and environmental variability at the scale of the sampling container due to the heterogeneous distribution of suspended bacteria.
In subsequent sampling (23 June, 31 July, 28 August and 1 October 1997), two containers were collected at the previously sampled sites within each creek. One BIOL-OG 0 plate was inoculated from each container to compare di¡erences in community similarity through time.
Inoculation of BIOLOG 0 plates was delayed no more than 2 h after sampling the ¢rst site. Rapid inoculation is essential so that community pro¢les are developed based on the physiological potentials of the in situ community, not a temporally realted product of that community. Although con¢nement may not cause drastic changes in species composition [19] , signi¢cant changes in the abundance [20] and metabolic activity of bacterioplankton assemblages can occur [21] . Samples were inoculated on land to avoid any possible cross-well contamination resulting from boat movement [1] . All BIOLOG 0 plates were incubated at room temperature (ca. 25³C). Color formation in the 96 wells of each plate was read at 590 nm using a Labsystems Multiskan RC plate reader. Individual absorbance values of the 95 wells containing carbon sources were corrected by subtracting the absorbance value of the control well. Plates were normalized by calculating average well color development (AWCD) as described by Garland and Mills [1] . Although this approach is occasionally questioned (e.g. [22] ), the alternative is to count the organisms and dilute the communities so that each is inoculated with the same number of organisms. This approach is £awed because of the time delays as indicated above, and because the dilution of unevenly distributed communities will result in the loss of some populations. The functional potential of individual populations cannot be summed to yield a pattern representative of the intact community, and dilution may result in the loss of activities produced by interpopulation synergism [13] . Plates were read periodically (every 6^10 h) until each plate reached a (blank-corrected) AWCD of approximately 0.5 absorbance units [23] . During the warmer months, this level was achieved in about 48 h, and in the colder months after 96 h. The data were transformed by division of each blank-corrected well by the plate AWCD to further reduce the variation among plates [1, 23] . PCA was performed on the AWCD-transformed data.
The means of the PC scores for each sample site and time combination (7 October 1996 and 22 May 1997) were used to determine the power of the test given the measured variability. Power is the probability of rejecting the null hypothesis when it is, in fact, false. Once determined, power can be used to allocate sampling e¡ort required to detect a desired di¡erence in sample means at a desired K-level [24] . The power calculations were used to determine the number of CLPP replicates needed to discriminate (i) between the two creeks and (ii) between dates within each creek.
Results and discussion
CLPP successfully discriminated among the microbial communities present in Phillips and Hungars Creeks in October 1996 and May 1997 when 10 replicates at each site were used (Fig. 1) , a result which agreed with those previously observed in bacterial dynamics [16] and genetic similarity [17, 18] in these two creeks. In general, the variability associated with replicates from a single container or from di¡erent containers was nearly the same for each site, although in Phillips Creek, the variance associated with the single-container samples was slightly larger than that from the several containers. This implies that the patch size of the microbial community is either much larger than the area sampled by the 10 grab samples or is much smaller than that sampled by a single 4-l grab. The most plausible explanation is that the large-scale variation is a result of the actual communities being quite small, but combined together in a mosaic that cannot be resolved at the sampling scale employed.
Although few investigators report using extensive replication, Bossio and Scow [25] used multiple replication at two levels. They had four replicate treatments with three subsamples inoculated from each treatment replicate. The subsample plates were averaged and this`average plate value' was used to represent each of the replicate treatments in analysis. This is a strong statistical approach, but it requires many replicate plates that may not add to the ability to discriminate among the communities. Use of appropriate power calculations can indicate at what levels and to what extent replication is necessary to distinguish among communities in similar or dissimilar samples and to allocate sampling e¡ort most e¤ciently to optimize the analytical sensitivity [20] . In most cases, environmental variability is greater than analytical variability such that the best overall reduction of variance will be achieved by independent replication at a higher level, i.e. more samples rather than more plates.
The data generated by PCA from the BIOLOG 0 plates (Fig. 1) were normally distributed for each principal component (data not shown), therefore, the power of CLPP to discriminate among communities could be calculated. The results of the power calculation (Table 1) indicated that for this system, use of two plates per site (one from each of two independently collected samples) was adequate to resolve the between-site di¡erences at K = 0.05 with high power. Power values above 0.8 are considered adequate, greater than 0.9 good, and greater than 0.95 excellent [26] . For all of the comparisons, two plates from each site yielded a power greater than or equal to 0.95, a highly Although duplicate plates (one from each of two independent samples) provided high power for testing di¡er-ences in this system, additional replicates might be necessary in other environments. If investigators question the sensitivity of their analysis, a power determination such as conducted here with an intensive reconnaissance sampling to ascertain the magnitude of the variance, followed by determination of the power at the desired level of K will provide the appropriate sample size necessary.
When examined over time using two independent replicates as suggested by the power calculations, the creeks were separated in every month sampled. The communities at the two sites were more similar in the warmer summer months than during the cooler months of sampling ( Fig.   2A ). Di¡erences in community similarity are not a direct result of di¡erences in abundance since there is a greater di¡erence in abundance during the warmer months [16, 27] when the communities were most similar. When the raw data used to generate Fig. 2A were collapsed over time, the overall site di¡erences between the creeks were clear (Fig. 2B) . Temporal changes in the communities of both creeks occurred on the second principal component with site di¡erences separating on the ¢rst principal component (Fig. 2A) .
Using CLPP procedures, Garland [10] found consistent di¡erences among rhizosphere communities from four plant types maintained under controlled conditions. Here, we demonstrate the capability to consistently di¡er-entiate communities in uncontrolled conditions in agreement with previously published activity [16] , abundance [16] and genetic [17, 18] measures, which supports the robustness of the CLPP approach. Garland [10] also saw temporal shifts in soybean rhizosphere communities in response to plant developmental state. Again, the temporal shifts reported here were obtained within an uncontrolled environment. Perhaps even more interesting is that in both creeks, a seasonal cycle was suggested by the similarity in the October 1996 and October 1997 samples. A de¢nitive conclusion about seasonality can only be reached by additional replication over several years.
Some investigators (e.g. [12, 28] ) have suggested that properties of in situ microbial community function might be inferred from the speci¢c set of substrates having high loading scores on PC1 and PC2, while others [14] have proposed using a reduced set of`ecologically relevant' substrates in CLPP assays. We examined the factor loading scores for all substrates making a signi¢cant contribution to PC1 (score s 0.5 in magnitude) using the scores from separate ordination of the within-container (10 replicates drawn from a single container) and within-site (10 replicates drawn from 10 separate containers) for CLPP. The factor loading scores obtained from ordination of these two sets of data were compared to the factor loading scores for the pooled data. Ordination of the within-container and within-site data sets resulted in clustering of the creeks and times on PC1 and PC2 (ordination plots not shown) that were similar to the ordination results for the pooled data (Fig. 1) ; the creeks always separated on PC1 and time always separated on PC2. However, the substrates with high factor loading scores for PC1 were di¡er-ent for each of the ordination plots (Table 2 ). For example, seven compounds gave signi¢cant factor loading scores when the pooled data were considered. For the within-container data, 15 substrates made a signi¢cant contribution to PC1, while 10 substrates made signi¢cant contributions to PC1 for the within-site data. Only three substrates (psicose, L-methylglucoside and glucuronamide) were common contributors to PC1. This lack of consistency among the factor loading scores for the same raw data strongly implies that the speci¢c substrates separating The use of PCA with BIOLOG 0 technology when there are fewer observations (BIOLOG 0 plates) than descriptors (95 carbon sources) has been met with criticism and alternative methods for analyzing the data have been suggested [14, 22, 29] . Hitzl et al. [14] screened for substrates most likely to discriminate among samples and then used a smaller number of substrates in high replication to increase the replication to variable ratio. Insam and Hitzl [29] then proposed a means to determine the appropriate number of replicates to arrive at a suitable number of replicates. Concerns about the ratio of samples to variables voiced by Hitzl et al. [14] and Insam and Hitzl [29] have been discussed extensively in the literature for the past quarter century. A large number of Monte-Carlo simulations of random data sets demonstrated clearly that signi¢cant eigenvalues for the factors can be obtained reliably when the percentage of variance explained by the factors exceeds a set value (which for the present study is about 20% for each of the ¢rst two factors) [30] . All factors included in the present study exceeded the values presented for their respective sample/variable ratio presented by Overland and Preisendorfer [30] . Legendre and Legendre [31] also point out that even when the sample to variable ratio is low, the ¢rst few eigenvectors, those typically used, are little a¡ected so that the problem of low replication compared to number of variables should not lead to incorrect interpretation of ordination in reduced space.
Concerns about replicate variability and the ability of CLPP to detect di¡erences among communities are real; however, in this case, use of duplicate plates (one from each of two independent samples) was adequate to allow microbial communities from two well-mixed salt marsh creeks to be distinguished with a high degree of con¢-dence. To achieve a similar level of con¢dence in other environments using the CLPP approach or molecular measures of microbial community similarity may require a greater number of replicates. Reconnaissance of the environment of interest using the technique of choice and performing power calculations like those used here provide the only means to determine an acceptable number of replicate samples. Table 2 Factor loading scores for all substrates contributing signi¢cantly to PC1 (score s 0.5 in magnitude) in PCA using all data and subsets of the data grouped by sampling stratum Within-sample refers to the samples drawn from a single container, while within-site refers to samples drawn from the 10 separate containers.
